Various D 2/3 receptor PET radioligands are sensitive to endogenous dopamine release in vivo. The Occupancy Model is generally used to interpret changes in binding observed in in vivo competition binding studies; an Internalisation Hypothesis may also contribute to these changes in signal. Extension of in vivo competition imaging to other receptor systems has been relatively unsuccessful. A greater understanding of the cellular processes underlying signal changes following endogenous neurotransmitter release may help translate this imaging paradigm to other receptor systems. To investigate the Internalisation Hypothesis we assessed the effects of different cellular environments, representative of those experienced by a receptor following agonist-induced internalisation, on the binding of three D 2/3 PET ligands with previously reported sensitivities to endogenous dopamine in vivo, namely [ ]PhNO. Furthermore, we determined the contribution of each cellular compartment to total striatal binding for these D 2/3 ligands. These studies suggest that sensitivity to endogenous dopamine release in vivo is related to a decrease in affinity in the endosomal environment compared with those found at the cell surface. In agreement with these findings we also demonstrate that~25% of total striatal binding for [ 3 H]spiperone originates from sub-cellular, microsomal receptors, whereas for [ 3 H]raclopride and [ 3 H]PhNO, this fraction is lower, representing~14% and 17%, respectively. This pharmacological approach is fully translatable to other receptor systems. Assessment of affinity shifts in different cellular compartments may play a crucial role for understanding if a radioligand is sensitive to endogenous release in vivo, for not just the D 2/3 , but other receptor systems.
a b s t r a c t
Various D 2/3 receptor PET radioligands are sensitive to endogenous dopamine release in vivo. The Occupancy Model is generally used to interpret changes in binding observed in in vivo competition binding studies; an Internalisation Hypothesis may also contribute to these changes in signal. Extension of in vivo competition imaging to other receptor systems has been relatively unsuccessful. A greater understanding of the cellular processes underlying signal changes following endogenous neurotransmitter release may help translate this imaging paradigm to other receptor systems. To investigate the Internalisation Hypothesis we assessed the effects of different cellular environments, representative of those experienced by a receptor following agonist-induced internalisation, on the binding of three D 2/3 PET ligands with previously reported sensitivities to endogenous dopamine in vivo, namely [ ]PhNO. Furthermore, we determined the contribution of each cellular compartment to total striatal binding for these D 2/3 ligands. These studies suggest that sensitivity to endogenous dopamine release in vivo is related to a decrease in affinity in the endosomal environment compared with those found at the cell surface. In agreement with these findings we also demonstrate that~25% of total striatal binding for [ 3 H]spiperone originates from sub-cellular, microsomal receptors, whereas for [
Introduction
Positron emission tomography (PET) and single photon emission computerised tomography (SPECT) imaging studies are frequently conducted in order to non-invasively investigate regulation of dopamine D 2/3 receptors (D 2/3 ) in healthy and diseased populations (Abi-Dargham, 2004 Volkow et al., 2007 . As such, D 2/3 receptor PET and SPECT studies have contributed vastly to our understanding of dopaminergic neurotransmission in stimulant misuse and schizophrenia (Laruelle, 1998; Abi-Dargham, 2004; Volkow et al., 2007; Martinez and Narendran, 2010) . A variety of D 2/3 radioligands are sensitive to acute fluctuations in dopamine levels in vivo (Laruelle, 2000) , where the Occupancy Model is generally used to interpret the changes in binding observed. However, temporal discrepancies between the dopamine surge following treatment with compounds such as amphetamine and the change in D 2/3 PET signal have been identified (Laruelle et al., 1997; Cardenas et al., 2004; Houston et al., 2004; Narendran et al., 2007; Skinbjerg et al., 2010) . Furthermore, translation of endogenous release paradigms based on The Occupancy Model to other neurotransmitter systems have been relatively unsuccessful, suggesting that direct competition of radioligand by endogenous neurotransmitter molecule might not sufficiently describe the data.
Agonist-induced internalisation is a cellular mechanism which regulates secondary messenger signalling and functional receptor density at the plasma membrane (Tsao et al., 2001) . Typically, following receptor activation and phosphorylation of intracellular domains by G-protein receptor kinases (GRK), the receptor-ligand complex is trafficked towards the endocytic machinery either for lysosomal degradation or to be prepared for re-insertion into the cell membrane. During this trafficking the receptor-ligand complex is exposed to a variety of ionic conditions, depending on its stage in the internalisation pathway. Compared with the D 1 receptor (Dumartin et al., 1998; Martin-Negrier et al., 2006; Kong et al., 2011) , D 2/3 receptor internalisation is less extensively characterised. However D 2/3 receptors have been shown to be present in the microsomal and cytosolic compartments in the absence of pharmacological stimulation using immunological based techniques (Paspalas et al., 2006) and a few groups have demonstrated agonistinduced internalisation of the D 2 receptor in cell and tissue preparations (Kim et al., 2001; Macey et al., 2004; Paspalas et al., 2006) . D 3 receptor internalisation has also been observed following dopamine stimulation in cell systems (Kim et al., 2001; Cho et al., 2007) .
An agonist-induced receptor internalisation model has been proposed to contribute to the signal changes observed in endogenous competition PET studies, known as the Internalisation Hypothesis (Laruelle, 2000) . Changes in receptor availability or affinity for a radioligand following internalisation may alter observed Binding Potential (BP); since BP is proportional to B max /K D . Following this proposal by Laruelle (2000) , a number of reports have been made in support of this Internalisation Hypothesis. Of note, Skinbjerg et al. (2010) (Skinbjerg et al., 2010) . Additionally, Guo et al. (2010) have shown the affinity of various D 2/3 ligands to be altered following quinpirole-induced internalisation in cell systems (Guo et al., 2010) . More recently we have reported the ability of the selective serotonin transporter protein (SERT) radioligand, [ 3 H]DASB, to bind to the SERT to be significantly reduced in sub-cellular conditions compared with membrane bound conditions utilising an in vitro model (Quelch et al., 2012) . The effect of changing sodium concentration and pH on dopamine receptor radioligand binding has been previously reported (Hamblin and Creese, 1982; Sibley and Creese, 1983; Watanabe et al., 1985; Neve, 1991; Sokoloff et al., 1992; Malmberg and Mohell, 1995) . However, to our knowledge, the effects of other ions which also differ throughout the agonist-mediated internalisation pathway, on the binding parameters of widely used PET radioligands, have not been investigated as extensively.
In general, the signal associated with any central nervous system PET radioligand is assumed to originate mainly from membrane bound target proteins. However, the contribution to the overall PET signal via the protein target of interest in sub-cellular compartments have not been reported with D 2/3 receptor PET radioligands. Therefore, any involvement of the target protein in these sub-cellular compartments to the overall observed total PET signal will greatly increase our understanding of the cellular mechanisms involved in endogenous release studies for particular radioligands.
The data presented in this manuscript therefore sought to determine (1) (Quelch et al., 2012) , and (2) the full cellular composition of the striatal PET signal for the D 2/3 radioligands, spiperone, PhNO and raclopride at baseline using an in vitro cell fractionation system. pH 7.4, 4 C) and centrifuged at 32,000 g (20 min, 4 C). The supernatant was removed and the pellet washed twice by centrifugation (32,000 g, 20 min, 4 C) in Tris buffer (50 mM TrisBase, 1 mM MgCl 2 , pH7.4, 4 C). The final pellets were re-suspended in Tris buffer to approximately 10 mg/ml.
Sub-cellular fractionation
The sub-cellular fractionation procedure was based on methods previously presented (Laduron, 1977; Sun et al., 2003) . The constituents of the isolated fractions are: P1 ¼ nuclear and cell debris fraction. P2 ¼ plasma membrane and mitochondrial pellet. P3 ¼ microsomal pellet diluted in endosomal buffer and S3 ¼ cytosolic fraction.
The translation from rat to pig tissue was made based on data presented in Supplementary Table 1, Supplementary Fig. 1 . Rat and pig D 2/3 radioligand receptor binding parameters were shown to be altered in a similar manor following exposure to the different cellular environments investigated in this manuscript i.e. lower in vitro BP values in the endosomal environment compared with the extracellular, driven by reductions in affinity. Furthermore, use of pig striatum allowed for reductions in animals numbers.
Striatal tissue (3 g) was isolated from each individual Danish Yorkshire Landrace pig (n ¼ 3). Tissues were suspended in 10Â w/v sucrose buffer and homogenised using a teflon glass homogeniser (20 strokes, on ice). The crude homogenate was centrifuged at a low speed (1000 g, 10 min, 4 C) to generate the P1. The supernatant (S1) was set aside for further centrifugation. P1 was re-suspended in Tris buffer and washed twice by centrifugation at (1000 g, 10 min, 4 C), with the resulting additional S1 supernatants added to the original supernatant (S1). The total S1 was centrifuged at a higher speed (17,000 g, 20 min, 4 C) to generate P2. The supernatant resulting from this spin (S2) was set aside for further centrifugation. P2 pellet was re-suspended in Tris buffer and washed twice by centrifugation (32,000 g, 20 min, 4 C), with the resulting additional S2 supernatants added to the original supernatant (S2). The total S2 was centrifuged (100,000 g, 90 min, 4 C) to generate the P3. The supernatant from P3, S3, was collected as the cytosolic fraction of the striatal cells. P2 was resuspended in Extracellular buffer (see below). P3 was resuspended in endosomal buffer (see below). Samples of the cell fractions (250 ml of each) were assessed for protein content and the remainder aliquoted and stored at À80 C for use in subsequent radioligand binding studies.
Radioligand Binding assays

Saturation studies
Tissue samples (P2) generated from rat striatal membranes were diluted to 200 mg membrane protein/well in each of the three relevant physiological buffers, previously reported by Quelch et al. 2012 (1) Extracellular (Extra ¼ 50 mM Tris HCl, 140 mM NaCl, 5 mM KCl, 1.5 mM MgCl 2 , 1.5 mM CaCl 2 , pH 7.4, 37 C); (2) Intracellular (Intra ¼ 50 mM Tris HCl, 10 mM NaCl, 140 mM KCl, 0.5 mM MgCl 2 , pH 7.0, 37 C) and (3) Endosomal (Endo ¼ 20 mM MES, 10 mM NaCl, 140 mM KCl, 0.5 mM MgCl 2 , 0.003 mM CaCl 2 , pH 6.0, 37 C) (Quelch et al., 2012) ; concentrations are adapted from Brinley (1980) , Murphy et al. (1984) , Gerasimenko et al. (1998) , Gekle et al. (1999) , Grabe and Oster (2001) , Alberts et al. (2002) , Christensen et al. (2002) , Faundez and Hartzell (2004) , Somjen (2004) 3 H]spiperone 0.003e10 nM). The specific binding component was determined using haloperidol (1 mM). Assays were terminated via filtration through Whatman GF/B filters followed by 4 Â 1 ml washes with ice-cold Wash buffer (50 mM Tris HCl, pH 7.4, 4 C). Filters were transferred to scintillation vials and scintillation fluid (3 ml/vial; Packard Ultima Gold MV) added and bound radioactivity determined on a Packard Tricarb liquid scintillation counter. Whatman GF/B filters were preincubated in polyethylenimine (PEI; 0.05%, 60 min) prior to filtration.
Sub-cellular fraction studies
Radioligand binding studies were performed from three independent fractionation procedures using pig striata. Fractions, P2, P3endo and S3, were diluted to 200 mg protein/well for addition to assay. These studies were performed using fixed concentrations of [ (5 nM). The specific binding component was determined using haloperidol (1 mM).
Following radioligand addition, assays were incubated at 37 C (60 min). Assays were terminated via filtration and radioactivity counted as described above.
Kinetic studies
Rat striatal P2 homogenates were thawed and diluted to the desired concen- H](þ)PhNO (1 nM) were added to the assay plate and allowed to associate at 37 C for 100 min. Following this, haloperidol (1 mM) was added to the plate at 22 time points between 101 and 200 min, post-association in order to begin the dissociation. All time points were terminated simultaneously via filtration and radioactivity counted as described above.
Protein assay
Protein concentrations were determined by the colorimetric method using bicinchoninic acid assay at 562 nm (Thermo Scientific Pierce BCA Protein Assay Kit) (Smith et al., 1985) .
Data analysis
All data were analysed using GraphPad Prism 5.0. One-and Two-way ANOVA were performed using SigmaStat 3.0. Student's t-tests were performed using GraphPad Prism 5.0. B max values in pmol/g tissue (nM) were generated according to Equation (1) (where it is assumed that 1 ml of homogenised wet weight tissue is equivalent to 1 g in weight). In vitro binding potentials (BP) were generated using Equation (2). Relative Specific Activity (RSA) values were generated using Equation (3) (Laduron, 1977) . Kinetic parameters, k on and K D values were determined using Equations (4) and (5), respectively.
B max in pmol/g tissue determination (where pmol/g is equivalent to nM);
Where B
' max is the maximum number of binding sites expressed in pmol/g tissue equivalent to nM; B max is the maximum number of binding sites expressed in fmol/ mg of protein; "Mass tissue" in assay in g/ml; and "Protein content" in mg/ml and it is assumed that 1 g protein is the equivalent to 1 ml.
In vitro BP determination;
Where ivBP is the in vitro binding potential (unit less); B ' max is the maximum number of binding sites expressed in pmol/g tissue equivalent to nM and K d is the equilibrium dissociation constant in nM.
Relative specific activity (RSA) determination;
RSA ¼ % Specific binding per fraction % Protein per fraction
Where RSA is the relative specific activity in each fraction; "% Specific binding per fraction" is the percentage of total specific binding of the radioligand in the fraction and "% Protein per fraction" is the percentage of the total protein in the fraction. k on determination;
Where k on is the rate constant of the association of radioligand and receptor in M À1 min À1 ; k obs is the observed rate constant for the association of radioligand and receptor in min À1 ; k off is the rate constant for the dissociation of radioligand and receptor in min À1 and [radioligand] is the concentration of radioligand in M.
Kinetic K D determination; perone was slightly lower (non-significant) than that determined from saturation studies ( Table 2 ). In addition, the kinetic K D determined in the extracellular condition was comparable to that in the endosomal condition. An increase in association rate was observed in the extracellular compared to the endosomal environment for [ 3 H]spiperone; this was not significant (Table 2) .
Saturation and kinetic studies e in vitro BPs
In vivo PET data is generally reported in terms of binding potential (BP f B max /K d ). In vitro BPs were generated using Equation (2) (Table 1) .
Sub-cellular fractionation
The greatest amount of striatal cell protein was observed in the cytosolic fraction (Table 3) . Lower levels were observed in the plasma membrane and microsomal fractions (Table 3) .
For each of the three radioligands investigated, the majority of "Percent Bound per Fraction" was observed in the P2 fraction (~67e83%) with lower levels bound to the P3 fraction (~14e25%) and much lower levels bound to the S3 fraction (~3e8%; Table 3 ). No significant differences in plasma membrane, microsomal or cytosolic percentage bound per fraction were observed when comparing the cellular distribution across the three radioligands (Table 3) .
When both "Percentage Bound per Fraction" and "Percentage Total Protein per Fraction" are both taken into account i.e. using Equation (3) Fig. 1C .
Discussion
We have sought to determine the effects of three physiological environments reflective of the cellular compartments experienced by a receptor following agonist-induced internalisation, Receptor availabilities (B max ) and affinity (K D ) values for all three radioligands were generated in the extracellular environment and found to be comparable to those previously reported in the literature (Seeman et al., 2007; Cumming, 2011) . In order to recreate the cellular environments present at each of the sub-cellular and cell surface compartments as accurately as possible, a variety of literature sources were consulted that have examined the ionic compositions of various cell compartments and organelles (Brinley, 1980; Murphy et al., 1984; Gerasimenko et al., 1998; Gekle et al., 1999; Grabe and Oster, 2001; Alberts et al., 2002; Christensen et al., 2002; Faundez and Hartzell, 2004; Somjen, 2004) . These cellular buffers have previously been used to investigate the effects of serotonin transporter endocytosis and sub-cellular localisation on the binding of [ 3 H]DASB (Quelch et al., 2012) . To further validate the translation from the effects of the cellular buffers on surface receptors in an endosomal condition to endosomal receptors (found in the P3 fraction) we have performed P3 binding in both extracellular and endosomal conditions. With The effects of changing sodium levels on receptor affinity for benzamide ligands, e.g. raclopride, and butyrophenone ligands, e.g. spiperone have previously been investigated (Stefanini et al., 1980; Freedman et al., 1982; Neve, 1991; Neve et al., 1991; D'Souza and Strange, 1995) . However, the effects of these changing ionic conditions have been less extensively investigated for the D 3 -preferring agonist ligand, [
3 H]PhNO. Additionally, the effect of changing the ionic composition of not just sodium but also pH, calcium, potassium, magnesium and chloride ions to concentrations representative of those found in the extracellular, intracellular and endosomal compartments on the specific binding of the three D 2/3 ligands have also not been reported previously.
In agreement with the saturation data presented here, Neve (1991) (Sibley and Creese, 1983; Abolfathi and Di Paolo, 1991) . However, no significant reduction in affinity was observed from extracellular to intracellular (where magnesium and calcium were both depleted compared to the extracellular) but when, pH was further dropped from 7.0 to 6.0 (and magnesium and calcium were still depleted), (Hartvig et al., 1997; Shotbolt et al., 2011) . These findings suggest that in addition to different pharmacological properties of radioligands (i.e. antagonist versus agonist radioligands) contributing to sensitivity to endogenous neurotransmitter release, a greater effect of receptor internalisation on radioligand binding parameters may also drive an increased vulnerability to signal changes observed in The cellular and sub-cellular distribution of dopamine receptors have previously been described (Chugani et al., 1988; Yung et al., 1995; Bloch et al., 2003; Sun et al., 2003; Voulalas et al., 2011) . We present relative specific activity values (RSA), which represent binding as a function of fraction protein content (Laduron, 1977) . D 2 expression has been observed previously in cytosolic fractions using semi-quantitative Western blot analysis (Voulalas et al., 2011) and electron microscopy (Paspalas et al., 2006) . D 3 receptor cytoplasmic and intracellular vesicle localisation has also been noted (Diaz et al., 2000) . Together with the binding data from the cytosolic compartment (S3), this suggests that both D 2 and D 3 receptors may be present in the cytoplasm but may not be in the correct tertiary conformation necessary for radioligand binding, and hence3 H]spiperone (mean ± s.e.mean). This novel approach for estimating the cellular composition of a PET signal under basal conditions now warrants further use for other receptor PET ligands. Determination of susceptibility to affinity shifts following receptor internalisation may be a crucial radioligand characteristic for determining sensitivity to neurotransmitter release in vivo. As such, the data presented here may help translate in vivo competition imaging techniques to neurotransmitter systems outside the D 2/3 . Translational approaches such as this, allow for an enhanced understanding of the pharmacology underlying the in vivo PET signals for multiple receptor systems, from both endogenous transmitter release and exogenous challenge studies.
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